The structure of 0.7SiO 2 -0.3Na 2 O glass was investigated by means of neutron and high-energy x-ray diffraction. The maximum momentum transfer was 35 and 23.5Å
Introduction
Due to their diverse practical applications and fundamental scientific importance, alkali silicate glasses belong to the most intensely investigated disordered systems. They play a key role in optical technology and different chemical processes and more recently their multicomponent forms are candidates for high level nuclear waste storage. Physical and chemical properties of alkali silicates have been investigated by a wide range of experimental methods such as differential thermal analysis [1] , photoelasticity [2] and transmission electron microscopy [3] .
The structure of alkali silicates is investigated by a number of research groups. Besides experimental studies with neutron and x-ray diffraction [4] [5] [6] [7] [8] [9] [10] [11] , molecular dynamics [12] [13] [14] [15] [16] [17] , RMC simulations [8, 10, 11, 18] , EXAFS [19, 20] , NMR [21] [22] [23] [24] and Raman scattering [8, 11, 23, 24] have also been applied to the study of these systems.
Though the above studies gave valuable information on alkali silicates there are still important problems unresolved in this field. For example, our knowledge about the coordination environment of the Na atoms is fairly limited.
In this paper we present a structural study of 0.7SiO 2 -0.3Na 2 O glass carried out by neutron diffraction (ND) and high energy x-ray diffraction (XRD). While neutron diffraction is often more sensitive to the scattering of light atoms, x-ray diffraction sees mostly the heavier elements. The combination of these two techniques is therefore very promising-especially if we take into account the weak contrast of the coherent neutron scattering amplitudes of available isotopes. The two measurements were modelled simultaneously by the reverse Monte Carlo technique, which gives a suitable framework for generating large 3D models compatible both with experimental results and a priori knowledge. The final aim of our study is the separation of the six partial pair correlation functions by modelling the experimental neutron and x-ray structure factors measured over an extended momentum transfer range. Besides this, we will also discuss the topology of the atomic configurations obtained by the modelling procedure.
Experimental details

Sample preparation
The sample was synthesized by melting 50 g quantity of previously homogenized mixture of dry SiO 2 and Na 2 CO 3 powders (both p.a. grade, Reactivul, Bucuresti) in a platinum crucible. The melted mixture was kept at 1500
• C for 2 h, during which the melt was periodically homogenized by mechanical stirring. Thereafter, the melt was cooled to the pouring temperature, 1450
• C, and kept there for 30 min. The melt was quenched by pouring it on a stainless steel plate. Powder samples were prepared by powder milling of the quenched glasses in an agate mill.
Diffraction experiments
Neutron diffraction measurements were performed at the 10 MW research reactor of the Budapest Neutron Centre (BNC) and at the pulsed neutron source of the Los Alamos Neutron Science Center (LANSCE). Cylindrical vanadium sample holders of 8 and 10 mm diameter for the two experiments, respectively, were filled with the powder specimens of about 3-4 g each. The BNC measurement was carried out using the 'PSD' neutron powder diffractometer [25, 26] . The wavelength of radiation was λ 0 = 1.07Å, and the scattered intensity was measured over the momentum transfer range Q = 0.95-10Å −1 . The LANSCE measurement was performed at the 'NPDF' time-of-flight total scattering powder diffractometer [27] . The neutron wavelength varied from 0.17 to 4.2Å, covering a momentum transfer range Q = 1.5-50Å −1 . At low Q-values, around the first peak of the structure factor, S(Q), the counting rate proved to be rather poor. This problem was solved by combining the data measured by the 'PSD' and 'NPDF' instruments. The structure factors were evaluated from the raw experimental data independently for the two types of measurements, using the programme packages available at the two facilities. The agreement of the S(Q) data obtained from the 'PSD' and 'NPDF' measurements was within 5% in the overlapping Q-range. The S(Q) patterns were combined by normalizing the 'PSD' data to the 'NPDF' in the 4-8Å
interval by the least square method, and the average values of the two spectra were used for further data treatment. For Q < 4Å −1 the 'PSD' data and for Q > 8Å −1 the 'NPDF' data were used. The ND structure factor was obtained up to 35Å −1 .
The x-ray diffraction measurement was carried out at the BW5 experimental station [28] at HASYLAB, DESY. A quartz capillary of 2 mm diameter (wall thickness of ∼0.02 mm) was filled with the powdered sample. The energy of the radiation was 99.8 keV. Raw data 
were corrected for detector dead time, background, polarization, absorption and variations in detector solid angle. The XRD structure factor was obtained up to 23.5Å −1 .
The x-ray scattering amplitude for the various elements is Q dependent, and for each atom in a somewhat different way, therefore the weighting factors of the partial structure factors [29] , w XD i j (Q) are also Q dependent, as illustrated in figure 1 . In order to compare the corresponding weighting factors for the two types of radiation, table 1 includes the Q-independent w ND i j together with a characteristic value for w XD i j at Q = 0.8Å −1 .
The reverse Monte Carlo method
The reverse Monte Carlo (RMC) method has been shown to be a useful tool to investigate various structural aspects of disordered materials. In the RMC simulation technique the atoms of an initial configuration are moved around in order to reproduce the measured data within the experimental uncertainties [30] . Compared with the traditional data evaluation techniques based on the direct Fourier transform of experimental structure factors, RMC has several advantages, two of which will be extensively used in the present work. First, diffraction datasets recorded over different experimental ranges can be combined in one model. Second, our a priori knowledge on the system investigated can be incorporated in the model configuration by using e.g. coordination number constraints or minimum interatomic distances. The simulation box contained 6000 atoms. The density was 0.071 atomsÅ −3 [16] . The minimum interatomic distances were 1.4, 2.1, 2.4 and 2.9Å, for Si-O, Na-O, O-O and SiSi pairs, respectively, in accordance with the expected first neighbour distance known fairly well from the literature. These values were the same in all simulation runs. Several different Si-Na and Na-Na cut-off distances were tried between 2.5 and 3.1Å. It was found that partial pair correlation functions showed artificially sharp features if the Si-Na and Na-Na cut-off distances were higher than 2.8Å. Therefore, further simulations were carried out only with the following Na-Na/Si-Na cut-off distances: 2.5 and 2.5Å (model A) and 2.5 and 2.8Å (model B). The initial configuration was prepared from a completely random distribution of atoms in two main steps. First a hard sphere Monte Carlo simulation was carried out to remove overlapping atoms. After this the following coordination number constraints were applied: (i) each Si was forced to have exactly four O neighbours between 1.4 and 1.9Å, (ii) O atoms were forced to have at most two Si neighbours between the same limits. The above constraints were fulfilled for at least 95% of the corresponding atoms. The final model S(Q)s matched very well the experimental structure factors, as shown in figure 2 , obtained from the simultaneous fit of neutron and x-ray diffraction data. The quality of the agreement is also illustrated in figure 3 for the neutron total pair correlation function, g ND (r ), by comparing the experimental one calculated by Fourier transformation from the S(Q) data with that obtained by the RMC modelling.
Results and discussion
Glassy silicates possess a well defined short range order without long range correlations characteristic of crystalline systems. The use of constraints in RMC makes it possible to mimic the short range order of covalent glasses in a simple and computationally efficient way. This is illustrated by figures 4 and 5, where we compare the partial pair correlation functions, g i j (r ), and partial structure factors, S i j (Q), obtained by simulating the measurements and calculated from the initial model, respectively. It can be seen that as a result of the rather loose constraints applied to the Si-O coordination the Si-Si and O-O partial pair correlation functions are qualitatively reproduced by the initial configuration. The corresponding partial structure factors also show a qualitative agreement. The functions g SiO (r ), g OO (r ), g SiSi (r ) and g NaO (r ) obtained from models A and B (and from other models not discussed here) are practically identical, whereas g SiNa (r ) and g NaNa (r ) calculated by the two different sets of constraints are rather different; they are compared in figure 6 . In model A both Si-Na and Na-Na minimum distances were set to 2.5Å. The first peak of g SiNa (r ) is rather broad, with a maximum at about 3.5Å. The g NaNa (r ) contains oscillations up to 3.9Å. In model B we increased the Si-Na cut-off distance to 2.8Å. As a result the g SiNa (r ) is practically unchanged, with a maximum at about 3.5Å, while the g NaNa (r ) contains a reasonable first peak at around 2.6Å. From these findings we conclude that model B gives a reasonable result, and the forthcoming presentation is based on model B. The Na-Na coordination number calculated from this model is 1.5, thus a significant number of Na atoms have more than one Na neighbour. The Na-O-Na bond-angle distribution shows a pronounced peak at about 70
• (figure 8), thus the peak of g NaNa (r ) at 2.6Å is mostly due to Na-Na pairs that are in the vicinity of the same oxygen atom.
If the Si-Na and Na-Na cut-off distances are larger than 3Å, then the missing peaks of g NaNa (r ) and/or g SiNa (r ) are compensated by shifting the first peak of g SiSi (r ) to smaller r values (e.g. 2.95Å). Such a drastic and artificial change of the well defined (and well known) Si-Si distance clearly indicates that at least one of the Si-Na and Na-Na peaks should be located well below 3Å. We have obtained that the Na-Na first neighbour distance is at 2.6Å, in accordance with this expectation. However, this relatively short distance is considerably less than the corresponding values of 3.0-3.1Å obtained from recent MD calculations (see [17] and references therein). On the other hand the 3.5Å for Si-Na distance fairly well agrees with the 3.4Å reported in [8, 17] .
Due to the rather low weights of the Si-Na and Na-Na partial structure factors and the proximity of the pronounced O-O peaks, previous neutron diffraction studies focusing on the total pair correlation function could not give detailed information on g NaNa (r ) and g SiNa (r ). The combination of XRD and ND results and the use of a model based on our a priori knowledge help to circumvent both difficulties.
The interatomic distances and coordination numbers are listed in table 2. Due to the constraints applied the Si-O coordination number is close to 4.0. The average O-Si coordination number is 1.6. The O-Si coordination number distribution (figure 7) indicates that 63% of the oxygen atoms are in the bridging position (O B -connected to two silicon atoms) while 34% of them are terminal (O T -connected to one silicon atom). A small fraction of O atoms has no Si neighbour at all.
The first Na-O distance at 2.29Å is well separated both from the Si-O covalent bond length (1.62Å) and from the first O-O distance (2.62Å). Furthermore, the weights of the Na-O partial structure factor are relatively large (∼0.19 in both experimental structure factors), therefore the Na-O distance and coordination number can also be determined with 3 .8 ± 0.5 (2.05-3.0) a Si-Na 3.5 ± 0.1 4 .6 ± 0.5 (2.1-3.9) Na-Na 2.6 ± 0.1 1 .5 ± 0.5 (2.5-2.9) 3.8 ± 0.5 (2.5-3.8) a a The coordination numbers are calculated up to an extended distance to make our results comparable with the data reported in [8, 17] and references therein.
a rather high accuracy. The first peak positions of g SiO (r ), g OO (r ), g SiSi (r ) and g NaO (r ) and the corresponding coordination numbers are rather stable and within reasonable limits are not sensitive to the choice of minimum interatomic distances. The average Na-O coordination number calculated up to 2.45Å is 2.5. In [6, 8] the second Na-O peak at about 2.5 ± 0.2Å was assigned to Na-O B correlations. A detailed investigation of our configurations does not support this interpretation; however, as such fine details are not necessarily reconstructed by RMC, the separation of Na-O T and Na-O B peaks cannot be excluded on the basis of the present study. Some bond-angle distributions are shown in figure 8 . The peak of the Si-O-Si distribution is at 149
• while the O-Si-O distribution is centred at 107
• , very close to 109.5
• , the ideal tetrahedral angle. The bond angle distribution is asymmetric with a tail at high angles affecting Thus the tail at high angles is a consequence of the distortion of SiO 4 tetrahedra allowed by the constraints applied. For the Na-O-Si bond angles we found that the Na-O B -Si and Na-O T -Si distributions are significantly different ( figure 9 ). Due to the presence of a second Si neighbour the Na-O B -Si bond-angle distribution is centred around 90
• -120 • , while the broad peak of the Na-O T -Si distribution between 100
• and 155
• suggests a more open arrangement around terminal oxygen atoms.
The medium range structure of network glasses is usually characterized by the ring size distribution. For silica glass the ring size distribution extends from three-to ten-membered rings, with a maximum of about six-membered rings; see, e.g., [31] . The ring size distribution in Na silicates was investigated by Cormack and Du by molecular dynamics [17] . In their work the peak of the distribution was at seven-membered rings and the tail of the distribution extended to 25-membered rings. Besides this 'main' peak they had several other maxima at larger ring sizes (e.g. 10, 13, 16), which can be regarded as 'combinational peaks' obtained by merging two smaller rings. Figure 10 shows the ring size statistics-the number of m-membered rings, M(m)-calculated from the atomic configuration obtained by our RMC simulation. The distribution has a rather flat maximum for five-to eight-membered rings. Although the tail of the distribution extends to 16-membered rings, 90% of the rings contain ten or fewer Si atoms, resulting in an average of 7.6-membered rings. Though the actual shape of the distribution revealed by us is different from that reported in [17] , the agreement of the peak positions is remarkable.
Conclusions
The structure of 0.7SiO 2 -0.3Na 2 O glass has been modelled by fitting neutron and x-ray diffraction measurements by the reverse Monte Carlo technique. It has been found that 63% of the O atoms are in the bridging position. The Na-O distance is 2.29Å and the coordination number is 2.5. A detailed investigation of the atomic configurations obtained by RMC has shown that at least one of the Si-Na and Na-Na peaks should be located well below 3Å. For the Na-Na nearest neighbour distance 2.6Å was obtained, a value significantly smaller than previously reported. The Na-O-Na bond-angle distribution revealed that neighbouring sodium ions tend to be located at the same oxygen atom. The average ring size is 7.6 and the occurrence of larger rings (m > 10) is relatively low.
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